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A Higgsless electroweak theory may be populated by spin-1 resonances around E ~ 1 TeV as a consequence 
of a new strong interacting sector, frequently proposed as a tool to smear the high-energy behaviour of scattering 
amplitudes, for instance, elastic gauge boson scattering. Information on those resonances, if they exist, must 
be contained in the low-energy couplings of the electroweak chiral effective theory. Using the facts that: i) the 
scattering of longitudinal gauge bosons, Wl , Zl, can be well described in the high-energy region (E 3> Mw) 
by the scattering of the corresponding Goldstone bosons (equivalence theorem) and ii) the zeros of the scattering 
amplitude carry the information on the heavier spectrum that has been integrated out; we employ the 0(p 4 ) 
electroweak chiral Lagrangian to identify the parameter space region of the low-energy couplings where vector 
resonances may arise. An estimate of their masses is also provided by our method. 



I. INTRODUCTION 

LHC will conclude soon the search for the Standard Model 
(SM) Higgs boson below the TeV energy region. As up to 
now, with only a tiny open window of ~ 20 GeV, there are 
good chances that there will be no Higgs. If this is the case the 
search for the dynamics of the spontaneous symmetry break- 
ing of the electroweak gauge symmetry will become a crucial 
goal of the high-energy physics research. 

A Higgsless world would be most probably characterized 
by the presence of a new physics scale associated to a strong 
interacting sector lying around E ~ 1 TeV and related with 
the spontaneous breaking of the electroweak symmetry fl]|2). 
A reasonable assumption, based on our knowledge of low- 
energy hadron physics, is that such a non-perturbative dynam- 
ics would lead to resonances that can be at the reach of future 
runs at the LHC or at an envisaged Linear Collider. It has also 
been argued that without a light Higgs the violation of per- 
turbative partial-wave unitarity in the elastic scattering of the 
longitudinal components of those W or Z gauge bosons could 
be prevented by those spin-1 resonances |3| though this is by 
no means compulsory [2 1. In this article we plan to investigate 
the possible existence of those vector resonances contributing 
to the WlZl — > WlZl scattering process. 

The symmetry breaking sector of the Standard Model 
without a Higgs becomes a non-linear sigma model with 
SU{2) L ® SU(2) R /SU(2) V symmetry where the £17(2) L ® 
U(l)y gauge symmetry is properly embedded. Interestingly 
enough the Lagrangian that describes it is the one of two- 
flavour Chiral Perturbation Theory (ChPT) (4] [5] with pions 
substituted by the Goldstone bosons that provide masses to the 
gauge bosons. ChPT is an effective field theory of Quantum 
Chromodynamics (QCD) at very low-energy, driven by the 
chiral symmetry of massless QCD, perturbative in momenta 
and valid forp 2 <C {AirF^) 2 (being F n the decay constant of 
the pion), and renormalizable order by order in its perturbative 
expansion. 

As in any effective field theory the low-energy coupling 
constants (LECs) of ChPT carry the information of the heav- 
ier spectra that has been left out in the procedure of construct- 
ing the low-energy theory. Indeed it has been shown that, at 
0(p 4 ), the LECs are saturated by the lightest hadron reso- 
nances |6|. In particular the two relevant LECs that appear 



in the amplitude of the elastic pion-pion scattering are given 
by the contribution of the p(770). Hence one can wonder if it 
would be possible to obtain the mass of the p(770) from the 
values of those LECs. Of course it is not possible to establish 
the existence and properties of resonances using a perturba- 
tive framework. However one can provide procedures to re- 
summate the perturbative contributions to the amplitude. We 
will translate one of these methods from the well studied QCD 
framework to the electroweak sector. 

The procedure that we devise in order to explore the occur- 
rence of spin-1 resonances in the E ~ 1 TeV region is based 
on the information about the spin-J resonances (J > 1) pro- 
vided by the zeros of the scattering amplitude. This method 
goes back to the study of the zeros in 7T7t — > tttt J7). In Ref. 
it was shown in the framework of ChPT that the zeros of the 
I = 1 7T7T — > 7T7T amplitude (/ is short for the isospin quan- 
tum number) predict the mass of the p(770) resonance when 
the chiral LECs are saturated by the resonance contributions. 
This shows that, though the ChPT amplitude is only valid for 
p 2 -C M 2 , the extrapolation provided by its zeros is to be 
trusted up to E ~ M p . 

The method can be applied to the electroweak sector em- 
ploying the two following ingredients. First, the fact that the 
elastic scattering amplitude of the longitudinal components 
of the gauge bosons is given, at E 3> Mw, by the ampli- 
tude of the elastic scattering of the Goldstone bosons associ- 
ated to the spontaneous electroweak symmetry breaking. This 
is known as the equivalence theorem and was devised origi- 
nally to study those processes with a very heavy Higgs |2l|9)- 
The equivalence theorem thus allow us to trade the dynam- 
ics of the longitudinally polarized gauge bosons by the one of 
the corresponding Goldstone modes. And the second ingredi- 
ent, already commented above, is the fact that the interactions 
among Goldstone bosons in the Higgsless electroweak the- 
ory is described, at least at leading order, by the two-flavour 
ChPT Lagrangian where now the multiplet of pions is substi- 
tuted by the Goldstone fields that provide masses to the gauge 
bosons. The obvious difference is the relevant scale that rules 
the perturbative expansion of the amplitude [10-12]. Indeed 
the perturbative scale is now driven by v ~ (V2 Gf)^ 1 ^ 2 — 
246 GeV with Gf the Fermi constant. Accordingly the ef- 
fective theory is valid for p 2 -C (4irv) 2 ~ (3 TeV) 2 . Tak- 
ing into account the equivalence theorem, the perturbative ex- 
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pansion and the Higgsless electroweak chiral effective theory 
(EChET) just mentioned, our working region is determined by 
M w < E < Attv. 

We therefore exploit in this work the analogies between 
ChPT and Higgsless EChET and study the elastic scattering of 
the longitudinal components of the electroweak gauge bosons 
as described by the latter. Then, assuming that the LECs of the 
effective theory are saturated by the lightest vector resonances 
(if these exist) we determine the zeros of the amplitude and we 
explore the parameter space of the two only LECs that appear 
in the scattering amplitude, obtaining important information 
on the possible resonances. 

The contents of this article are the following. In Section II 
we revisit the role of the zeros of an amplitude and its relation 
with the resonances of the theory. We will focus on the well 
known case of tttt — > tttt scattering and the p(770). In Section 
III we briefly review the Higgsless electroweak effective the- 
ory applied to the W^Z^ — > W^Z^ scattering on which we 
will particularize our study. Section IV will be devoted to the 
analysis of the zeros of that amplitude and their interpretation 
as vector resonances. We will also discuss our results and the 
possibility left for LHC to disentangle the presence of these 
vector resonances. Our conclusions will be given in Section 
V. An Appendix reminds the reader the general conditions of 
convergence of the partial-wave expansion of the elastic tttt 
scattering amplitude. 



II. THE ROLE OF THE ZEROS OF THE SCATTERING 
AMPLITUDE 

We will now develop our method using QCD as the refer- 
ence framework, taking advantage of the precise experimental 
data available and the good knowledge of the LEC values of 
0(p A ) ChPT used to describe the low-energy processes like 
tttt scattering. No conceptual changes will be needed to apply 
the method to the electroweak case. 

The low-energy dynamics of elastic tttt scattering is deter- 
mined by the existence of the lightest meson resonances con- 
tributing to that amplitude, <r(600) and p(770). Though the 
cr(600) is mainly related with the chiral logs (it appears at 
next-to-leading order in the large number of colours {Nq) ex- 
pansion), the information of the p(770), leading in 1/Nc, is 
encoded in the low-energy couplings at 0{p A ) in the chiral 
expansion [6|. Within a quantum field theory approach, one 
can determine the resonance contributions to the chiral LECs 
starting from a Lagrangian with explicit resonance fields and 
then integrating them out. Typically those LECs are given 
in terms of the resonance couplings to the pions and inverse 
powers of the resonance masses. 

One can wonder if the opposite procedure is viable. That is, 
if it would be possible to determine the mass of the resonances 
from the phenomenological determination of the LECs. As 
the ChPT amplitudes provide a perturbative expansion in mo- 
menta it is clear that the poles of resonances are not a feature 
of chiral symmetry. However a link between chiral dynamics 
and resonance contributions can be provided employing some 
ad-hoc resummation techniques like Pade approximants, the 



inverse amplitude method or the N/D construction lfL3lfT5l . 
We will propose an alternative procedure based on the zeros 
of the scattering amplitude 1171 l8l [T6HT81 as given by ChPT at 
0(p 4 ) (we will also comment on the next 0(p 6 ) contribution). 

Consider the amplitude F(s,t) for tt~ (pi)tt° (P2) — > tt~tt° 
in the s-channel: 

s = {pi+P2)\ t=~(s-4M*)(cosd-l). (1) 

This amplitude has no / = component, and from the 
phenomenology we know that the isovector P-wave is large 
whereas the 1 = 2 (exotic) S-wave is small. We can anticipate 
that these features are essential for our method. The P-wave is 
dominated by the p(770) resonance and therefore around this 
energy region we can write the partial-wave expansion of the 
amplitude as: 



F(s,t) = 167r/o(s) + 



48tt 



m p t p (s) 



Mj 



iM p r p ( 



cos 9- 



( (2) 

where a = \J\ — AM%/s and //(s) is the partial-wave 
with isospin / and angular momentum i, defined through the 
partial-wave expansion of the s-channel amplitude with de- 
fined isospin: 



F'( S ,t) 



OO 



32tt^(2£ 



l)//(a)P,(cos0) 



(3) 



with Pe(z) the Legendre polynomial of degree I, Unitarity im- 
poses severe constraints on the structure of the partial-waves 
// (s). A description consistent with unitarity is given by 



//(«)= 1 e^sinJj, 



(4) 



with 5j the phase shift of isospin / and angular momentum £, 
that is real for elastic scattering. 

The remaining terms not quoted in Eq. Q amount to nu- 
merically suppressed higher partial waves. Taking into ac- 
count the small size of the S-wave component, the angular 
distribution associated to F(s, t) would have a marked dip at 
cosd = 0, where also F(s,t) ~ 0. This reflects the spin-1 
nature of the p(770). Due to the properties of the Legendre 
polynomials these dips in the angular distribution (or zeros of 
the amplitude) will appear for £ > and their number in the 
physical region, cos 8 E [—1,1], will be given by the angular 
momentum of the partial-wave. These zeros can be considered 
as dynamical features which give the spin to the resonance. 

This observation gives us a possible path to analyze the 
spectrum of J > 1 resonances integrated out and hidden in 
the couplings of the effective field theory. Let us specify sev- 
eral features of the zeros of the amplitude and give precise 
definitions that will help to fix our procedure. 

Being analytical functions of more than one variable the ze- 
ros of the amplitude are not isolated but continuous, defining 
a one-dimensional manifold for real s and complex t. Us- 
ing Eq. ([!]) the F (s, t) amplitude in the s-channel may be 
expressed as F(s, z) with z = cos 8. Then the solution of 
F(s, zq) — for physical values of the s variable is defined by 
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z = zo(s). Though the zeros of the function happen at com- 
plex values of the z variable, we define the zero contour as 
the real part of the zeros (Re z (s)). It is also phenomenolog- 
ically observed |19, 20 1 that this contour continues smoothly 
from one region to another in the Mandelstam plan^j Using 
Eqs. (|2|4|> we get: 



zo{s) 



3M p T p (s) ( " 



iM p T p (s)) . (5) 



In the narrow resonance approximation (dropping T p (s) in the 
numerator of Eq. |5j)) we see that Zq(M 2 ) = 0. For a finite 
p(770) width we have: 



Re z (s) 



sin 2S 2 
QM p T p (s) 



(M 



f2 



sin 2 S 2 , (6) 



the exotic character of the S-wave 1 = 2 background 
(im/p (s) <C Re/5 2 (s)) and to the absence of the S-wave / = 
channel, we know that |Re z(M 2 ) | <C |. 

Hence, for a generic amplitude where the P-wave contri- 
bution dominates and is saturated by a vector resonance, the 
resonance mass Mr should be found as the solution of: 



Rez (M|) 



0. 



(7) 



where z (s) is the zero contour obtained from that amplitude. 
We will take this condition as our source of information on the 
resonances given by F(s, t). It is clear, from Eq. (j2j), that how 
deep is the dip of the angular distribution will also depend on 
the size of the imaginary part of the zeros. We will comment 



on this point further in Section IV 



that satisfies |Rez(M 2 )| < |. 



Let us repeat (and update) now the procedure in Ref. J8], 
showing how the method developed works in a real case. The 
0(p 4 ) amplitude of ir~ir° — > tt~it , with the variables de- 



In fact, and due to fined in Eq. ([TJ, is given by 0: 



A(t, s, u) = 



t-M 2 



F 2 6F 4 



3(t 2 - M 2 ) J(t) + [s(s - u) - 2 M 2 s + 4 M 2 u - 2 M 4 ] J(s) 



+ {u{u - s) - 2 M 2 u + 4 M 2 s - 2 M 4 ] J(u) 



(8) 



1 



96tt 2 F 4 



2 ( ^ - ^ j (t - 2 M 2 ) 2 + (l 2 - ^ ) (t 2 + (s - u) 2 ) - 12 M 2 t + 15 M 4 



where F is the decay constant of the pion in the chiral limit, 
F ~ F* ~ 92.4 MeV and A/ ~ M w ~ 138 MeV. The one- 
loop J(x) function was defined in Ref. [5|. i\ and l-i are a 
priori unknown low-energy couplings related with those of the 
0(p 4 ) ChPT Lagrangian with two flavours, (i = 1, 2), 

through: 



1 



96tt 2 
1 

48tt 2 



£l + In 
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Ml 

Ml 



(9) 



Here is the renormalization scale. With these definitions 
the ~li couplings are, but for a factor, equal to ^(M 2 ) and 
thus scale independent. It is well known [6| that the 0(p 4 ) 
chiral LECs are saturated by the contribution of the lightest 
resonances that have been integrated out. In fact, t\(n) and 



There is one known situation where this is not the case and the contours 
wiggle. This happens when they pass a threshold that opens strongly in 
the S-wave. One such example is the K K threshold in / = 7T7r scatter- 
ing 1211 . As we consider here the 7r~ tt° channel, which has no isoscalar 
component, we expect the zero contour to be quite smooth well beyond the 
p(770) mass. 



^(GeV) 


0.6 


0.77 


0.9 


Ii 


-0.33 


0.25 


0.58 


I2 


4.46 


5.03 


5.37 


10 5 rr 


5.55 


4.96 


4.78 


lovr 


0.67 


0.86 


0.94 



TABLE I. Renormalization scale dependence of the LECs determi- 
nations relevant for the evaluation of the zero contours at 0(p 4 ) and 
0{p 6 ) in ChPT. 



l r 2 {jx) are saturated by the lightest multiplet of vector reso- 
nances. Upon resonance integration at tree level one gets 
the three-flavour LECs L\{[i). Using the 0(p 4 ) matching 
with the two-flavour [22], the resonance contributions 

to the latter read F x {[i) = -G 2 V /M 2 - v K /2A and ^(/x) = 
Gy/M$- - v K j\2. Here M v ~ M p is the mass of the light- 
est nonet of vector resonances, and Gy is a coupling of the 
Resonance Chiral Theory phenomenological Lagrangian 0. 
Its value is estimated as G v G [40, 50] MeV |23]|24) and we 
take Gy — 45 MeV for the numerical evaluation. In addition 



v K = (In (M|//i 2 ) + l) /(32tt 2 ). The constants ^ become 
fx— dependent if we substitute the ^[(/i) in Eq. ^ by the tree- 
level estimates above. It is generally assumed that vector res- 
onance saturation of the low-energy constants implies that the 
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FIG. 1. Zero contours of 7r _ 7r° — > 7r _ 7r° at 0(p 4 ) (light colour) and 
0(p c ') (dark colour) in the Mandelstam plane. The bands correspond 
to the range of LECs for fi = 0.6 GeV and n — 0.9 GeV as given in 
Table]!] The zero contours connect with the Weinberg's projection of 
the Adler zero inside the Mandelstam triangle 1251 . 



resonance contributions determine the LECs quite well for a 
scale /i of the order of the mass of the resonance. Within 
the interval p E [0.6, 0.9] GeV, the couplings li and J 2 take 
the values shown in Table [Ij for the central value, /.i = M p , 
one gets £% — 0.25, £2 — 5.03. With these estimates, we 
can readily evaluate the zero contour from the 0(p A ) ChPT, 
and obtain the p(770) mass through Eq. (|7j. In the Mandel- 
stam plane the outcome for the zero contours takes the form 
of the lighter band in Figure [T| whose limits are given by the 
extreme values of ~l\ and £2 in Table [i] These zero contours 
intersect the Re z-axis for M R e [0.69, 0.91] GeV. The esti- 
mate is particularly good for the central value /i = M„, which 
yields Mr = 0.75 GeV. Let us note that the ^-dependence 
of the zero contour prediction for the p{770) mass does not 
reflect any uncertainty intrinsic to the method, but is just a 
consequence of the incomplete knowledge of the resonance 
estimates of the LECs. 

We would like next to show how the zero contour in Fig- 
ure [T] changes when the next chiral order is considered. The 
tt~tP — > tt~tt° amplitude up to 0(p 6 ) has been computed in 
Ref. (26). At this order the result depends on 6 low-energy 
couplings i = 1, . . . 6. Assuming that the values of the 

latter are saturated by vector resonance contributions, one can 



get estimates for r\ (//) 



1 26 1 in the same way as for the 



P~i{p)- We take the values of r) ,? 



,"Y,i = 1,2,3,4, as given in 
E6l . However we have an updated evaluation for i — 5,6, 
obtained as follows: we use the definition of and r@ in 
terms of the 0(p 6 ) two-flavour LECs c\{fi) ll27l . then the 
relation of the two-flavour LECs with the three-flavour ones 
Cl(n) [28 1, and finally we determine the latter by integrating 
the resonance fields at tree-level |29 1. Incidentally only vector 
resonances contribute to r§ and r\ . The numerical values of 
r\ and r\ that we get, shown in Table |lj are typically a factor 
of 2 to 4 smaller than the ones quoted in Ref. Il26ll . This proce- 



dure cannot be applied, at the moment, for rf , i = 1, 2, 3, 4, 
because the conversion between the corresponding LECs with 
two and three flavours has not been made available yet. The 
obtained 0(p 6 ) zero contours are displayed by the darker 
band of Figure [T] that is defined by the /j-dependent values 
of the LECs given in Table|l] The p(770) mass estimates from 
these 0(p 6 ) zero contours read M R G [0.83, 1.01] GeV. We 
notice that the resonance estimate of r\ involves a cancella- 
tion of two different contributions of similar size. If we, for 
instance, change the sign of r\ the p(770) mass estimates at 
0(p 6 ) are shifted to M R € [0.79, 0.90] GeV. The strong de- 
pendence of these determination on the values of the r[(/i) 
(specially on r^(fji) and calls for an updated evaluation 

of the latter before assessing the validity of the zero contour 
approach at 0(p 6 ) for the case of the p(770). 

The zero contours provide also an alternative unitarization 
procedure for the ChPT amplitude. Indeed assuming that the 
amplitude satisfies the partial-wave expansion Q and neglect- 
ing I > 2 partial waves one obtains: 



tan Sl(s) 



\ sin 251 ( s ) 



3Rez (s) + sirT <Jg(s) 



(10) 



Note that, if the S-wave 7 = 2 phase-shift is small, the P-wave 
phase shift S\ will pass through 7r/2 when Re zq(s) — > 0, thus 
indicating the presence of a resonance. The zero contour pro- 
vided by the 0(p A ) ChPT amplitude could then be employed 
to obtain the contribution of the lightest vector resonance (the 
p(770) in the QCD case) to the 5\{s) phase shift. This is by 
no means evident. The chiral expansion provides an accurate 
description at very low energies only, namely for E -€i M p . 
Hence the fact that the zero contour is able to unitarize the 
theory at E ~ M p has to rely on the properties of those zero 
contours. 

In Figure [2] we compare the experimental data on the 8\{s) 
phase-shift from elastic 7T7t scattering with different theoret- 
ical predictions. As expected the prediction given by the 
ChPT amplitude does not provide the right description for 
E ~ M p , as can be seen looking at the dot dashed line that 
represents the ChPT result for the P-wave phase-shift, namely 
5{{s) = aRefl(s) E3. On the other hand the <Jf(s) phase- 
shift as given by ( jT0[ > is in much better agreement with exper- 
imental data. We plotted the theoretical results for two differ- 
ent 1 = 2 S-wave phase-shift representations, the one coming 
from the 0(p 4 ) ChPT result (dashed line) and the one given 
by the Schenk parameterization |34| (continuous line). As it 
can be seen the latter provides a much better agreement to the 
data in the low-energy region, however the pass through 7r/2 
depends little on the parameterization used for Sq(s). 

In summary, we have seen that the zeros of the amplitude 
of elastic 7T7t scattering carry important dynamical informa- 
tion on the structure of the interaction, in particular the role 
of spin-1 resonances. This information, encoded in the low- 
energy couplings of 0(p 4 ) ChPT, emerges through the zero 
contour definition and the condition in Eq. d7|. Alternatively 
the unitarization in Eq. (fXOj is able to show the mark of the 



p(770) in the 5l(s) phase-shift, as we demonstrated in Fig- 
ure [2] This is not a trivial exercise because the results of 
ChPT are only valid for E <C M p , however the smoothness 



5 




0.6 0.7 0.8 

(GeV) 

FIG. 2. S\ (s) phase-shift in elastic -ktt scattering. Comparison of 
experimental data [30-32] with the prediction given by Eq. {10} for 
the S-wave given by the Schenk parameterization (continuous line) 
and by 0(p 4 ) ChPT (dashed line). The 0{p 4 ) ChPT result for the 
P-wave phase-shift, namely 8l(s) — aRefl(s), is also shown (dot- 
dashed line). 



of the zero contour and its stability under unitarization proce- 
dures lfT8l l35ll . collaborate to disentangle the information of 
the LECs, at least in the channel we are considering. 



HI. THE ELECTROWEAK CHIRAL LAGRANGIAN 

In the absence of a Higgs, a strong interacting sector 
responsible for providing masses to the electroweak gauge 
bosons is described by Goldstone bosons ir a , a — 1,2,3, as- 
sociated to the SU(2) L ® U(1) Y — > U(l) em spontaneous 
symmetry breaking, which become the longitudinal compo- 
nents of the electroweak gauge bosons. The corresponding 
EChET Lagrangian is then described by the non-linear sigma 
model based on the coset SU(2) L <g) SU(2) R /SU(2) L+R 
where SU(2) L <g) U(1) Y is gauged. The SU(2) L+R = 
SU(2)c is the custodial symmetry that is usually enforced in 
order to keep the relation Mw — Mz cos dw an d the small- 
ness of the T oblique parameter. 

A convenient parameterization of the Goldstone fields is 
given by: 



U(x) 



exp 



dimension four operators, the most general SU(2) l ® U (l)y 
gauge invariant and CP-invariant Lagrangian which imple- 
ments the global symmetry breaking SU (2)l ® SU{2) R into 
SU(2)l +r in the limit when g' vanishes^] is given by the 
terms flUHT2l : 

i=0,...5 



with the operators: 

02 

03 
04 
05 



-(TV,) 2 . 



B^" {TWfj, v ) , 
B^(T [V f *,V]), 



W9' 
2 

¥ 

2 

ig{w ia> [v»,v v ]) 
( W 2 , 



(13) 



where V, = {D^U) W, T = U r 3 W. The covariant deriva- 
tive takes the form: 



^9T k Wp 



UB U 



(14) 



with Wfj, v = r k Wjlu/2, and b eing W % u and B^ the gauge 



field strength tensors. In Eqs. ( 12|13 i (...) denotes the trace 
in the SU(2) space. Other 8 possible operators, that violate 
custodial symmetry when g' — > (see e.g. ifTSll ). will not be 
considered here. Z^EChET involves a perturbative derivative 
expansion as ChPT does, driven this time by the scale A^w 
1 r; ; ' ~ 3TeV, i.e. an expansion in powers of (p 2 , My) / Agw . 



The first term in the Lagrangian (12i has dimension two, 
and provides the SM mass terms for the gauge bosons. The 
rest of terms are dimension 4 operators, and only ©3-5 are 
relevant for the purposes of our work. O3 represents an 
anomalous triple gauge-boson coupling while O4 and O5 give 
anomalous quartic gauge-boson interactions. The correspond- 
ing low-energy couplings a 3 , 04 and a 5 encode the informa- 
tion of the heavier spectrum that has been integrated out in 
order to get £ec1iET- They are the analogous to the chiral 
LECs discussed in Section|lT| 



A. Longitudinally polarized gauge boson scattering 

In this work we are interested in the scattering of vec- 
tor bosons with longitudinal polarization because is the one 
linked, through the Higgs mechanism, with the Goldstone 
bosons of the electroweak symmetry breaking sector. The ex- 
act relation is provided by the equivalence theorem ||2][9): 



A (V£V£ -> V£Vg) = A (ttV 



(11) 



(15) 



with r a the Pauli matrices. This transforms as LUW, with 
L E SU (2) l and R e U under the gauge group. Up to 



2 Recall that the U(1)y interactions explicitly break the global SU <8> 
SU(2)n and the custodial SU^l+r symmetries. 
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which states that, at center of mass energies E 3> My, the 
amplitude for the elastic scattering of longitudinally polar- 
ized vector bosons (V£) equals the amplitude where the gauge 
fields have been replaced by their corresponding Goldstone 
bosons (7r a ). Now, we can use the electroweak effective La- 
grangian ( [T2| to calculate the amplitude of Goldstone boson 
scattering of Eq. (JT3J. Since the effective Lagrangian formal- 
ism is a low-energy expansion, some care is needed to apply 
the equivalence theorem, which is valid in the high-energy 
limit. The restricted version of the theorem which applies 
to the gauge boson scattering amplitude calculated at 0(p 4 ) 
reads [361: 



A (V£Vl -> V£Vt) = -4 (4) (frV" 



O 



My 

E 



0(g,g') + 



E 5 
A 5 



(16) 



where A^ is the amplitude of Goldstone boson scattering at 
lowest order in the electroweak couplings (g and g') as ob- 
tained from the effective Lagrangian ^EChET- Therefore only 
the operators O4 and O5 



in Eq. 



13 1 contribute to that ampli - 
Let us re- 



tude, which is linear in the 04 and a 5 couplings 
mark that at O(g ,g'°) the masses of the gauge bosons vanish 



and the equivalence theorem, as given by Eq. ( 16 1, indicates 
that the Goldstone boson scattering amplitude has to be cal- 
culated in the zero mass limit. Mass corrections appear in the 
neglected terms. 

Notice that the restricted version given by Eq. ( p"6] l is valid 
in the energy range given by My <C E -C Aew- Since the 
EChET framework is analogous to ChPT, and the latter works 
reasonably well up to 500 MeV ~ , we can assume that 

the effective formalism for the electroweak theory is limited at 
about 2irv ~ 1.5 TeV. Given the success of the zero-contour 
method for the case of the p(770) resonance, whose mass is 
larger than the limit of validity of the theory, the range above 
may be extended up to E < 2 TeV, at least for what concerns 
the determination of the resonance mass through the zero con- 
tours. 



IV. ANALYSIS OF THE ZEROS OF THE W L Z L -> W L Z L 
AMPLITUDE 

The equivalence theorem pointed out in the last section can 
be used to relate, at leading order, the amplitude of WlZl — > 
WlZl with the one of the corresponding Goldstone bosons, 
which is analogous to the tt~tt q — > ir~ir° amplitude described 
in Section [II] Notice that the physical system provided by the 
Higgsless Lagrangian in Eq. ( 12 1 is, but for the change of scale 



(Fn — > v), the same than the one of the ChPT. Therefore one 
would expect a similar dynamics if the P-wave contribution is 
saturated by a vector resonance. Consequently we could apply 
the same procedure and study the occurrence of I — 1 vector 
resonances I^J in the scattering WlZl — > WlZl through the 



' Isospin, in the context of the Lagrangian \\-\ indicates the quantum num- 
ber associated to the unbroken SU (2)l+r custodial symmetry. 



analysis of the zero contours of the EChET amplitude. As ex- 
plained in Section [II] zero contours cross the resonance loca- 
tion close to where the Legendre polynomial vanishes, which 
for vector resonances amounts to the condition |7]). 

By virtue of the equivalence theorem, the amplitude 
for WlZl — > WlZl is equal, up to 0(p 4 ) terms, to 
A^ (7T~7r -> 7T~7r°) = A(t, s, u) in Eq. with the trivial 
replacements: 



{£i,£ 2 ) -> (a 5 ,a 4 ) 



In addition, the limit M — > has to be performed, according 
to the restricted form of the theorem. This amounts to writing 
M = in the polynomial contributions in A(t, s, u). Care 
has to be taken in the one-loop functions, where keeping the 
leading order in that limit leaves a mass dependence in the 
logarithms. The scale-independent a, couplings are related to 
their renormalized counterparts in the MS scheme as: 



»s(m) 



1 1 



4 48tt 2 
1 1 



4 96tt 2 



(14 — 1 + In 



05 — 1 + In 



M 2 



M 2 



(17) 



This definition for a^(fi) and a?j (/a) differs from that of Eq. ^ 
that relates the t\{[i) to the t L ; it matches though the definition 
used in recent literature l37l l38l for these couplings, so it is 
adopted here to make contact with those results. The natural 
order of magnitude of the couplings is 04,5 ~ O(l), so we 
can expect that a\ — 0(1O -3 ). 

Recalling the procedure that we used in Section [Til we will 
look for the zero contours of the amplitude, A^^s^zq) = 
0, and identify the vector resonances with solutions of 
ReznX-M 2 ,) = 0. However we still need to impose another 
constraint on this result to ensure that the assumptions leading 
to condition |7]i are fulfilled. As it was seen in Section [II] our 
procedure depends crucially, after neglecting higher partial 
waves, on having a dominant resonance-saturated P-wave and 
a small, non-vanishing, S-wave contribution. We can translate 
this requirement to a numerical bound in the following way. 
Writing the equation A^(s, zq) — in terms of its partial- 
wave series, one gets: 



fo(s) + 3fH«) zo(s)^0, 



(18) 



if higher-order partial waves are neglected. At the resonance 
location, s = M^, the latter equation relates the size of the 
imaginary part of the zero with the ratio between the S- and 
the P-wave contributions: 



\z Q [Ml)\ = \\mz Q {Ml) 



mil) 



3fl(M 2 ) 



< A. 



(19) 



The bound A then defines the range of applicability of our 
method: zeros of the amplitude with imaginary part smaller 
than A can be considered positive results in the search for 
vector resonances. The zeros which pass this condition bear 
a similarity to the near-by zeros introduced in the pioneer- 
ing works on zero contours, characterized by small imaginary 
parts. A reference value for A can be inferred from the p(770) 
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FIG. 3. Upper panels: Zero contours from the 0(p 4 ) amplitude for, from left to right, {en, 05) = (10, 10), (04, 0,5) = (8.5, 10) and 
(04, 05) = (7.7, 10). The dashed line are the amplitude zeros obtained from the lowest order chiral amplitude. Lower panels: Corresponding 
0(p 4 ) amplitudes |F(M|)| = |,4 (4) (M|, zq{M%))\ (in logarithmic scale) for the upper panel cases, using the partial-wave expansion up to 
order I. 



case studied in Sectionnil where one gets |Imzo(M^)| — 0.36 
(for (i = 0.77 GeV; see Table IB. For values of A larger than 
1 /2 we cannot consider the S-wave to be significantly smaller 
than the P-wave, and we therefore choose A = 1 /2 as a limit- 
ing value for the identification of resonances in the zero con- 
tours. The dependence of our results on this cut is discussed 
later. 



The A-cut in Eq. ( 19 1 is also related with the convergence 
of the partial-wave expansion of the amplitude. For the zero 
mass case the partial-wave expansion is convergent only in 
the physical region, i.e. for z = cosf? € [ — 1, 1] (see Ap- 
pendix [A}. The partial- wave series continued to complex val- 
ues of z is at best asymptotically convergent. Hence smaller 
imaginary parts of the zeros imply a better behaviour of the 
series. In the lower panels of Figure [3] we show the conver- 
gence of the partial-wave series at s — for three rep- 
resentative examples, corresponding (from left to right) to 
(04, 65) = (10, 10), (8.5, 10), (7.7, 10), with non-zero imag- 
inary parts given by |Im2n(-Mjj)| — 0.26, 0.39 and 0.56, re- 
spectively. As can be seen there is a direct correlation be- 
tween the size of the imaginary part of zo(M R r ) and the con- 
vergence of the expansion. Note also that the minimal value of 
the amplitude at the resonance location gets closer to zero for 
smaller |Imz (Af^)|. The corresponding zero contours, ob- 
tained from the amplitude ([8]) (now keeping only the leading 
order in the M — > limit), are smooth lines in the (Re z,s) 
plane, as shown in the upper panels of Figure [5] The dashed 
line are the amplitude zeros obtained from the lowest order 
chiral amplitude, which are simply given by t = and thus 



lie on a straight line in the Mandelstam plane. In terms of z the 
0(p 2 ) zeros are given by z (s) = 1 and have no imaginary 
part because the 0(p 2 ) amplitude is real. The 0(p 4 ) correc- 
tions induce an imaginary part in the zero trajectories, and are 
essential to bend down the zero contour towards Re z = 0. 
The crossing, from left to right in Figure [3] takes place at 
M R ~ 1.28, 1.49 and 1.67 TeV. 

Figure[4]is the central result of our work. The shaded areas 
show where resonances, defined by the conditions (|7]i and ( p"9| ) 
with A = 1/3, are found in the (a 4 , as)-plane. The contour 
lines drawn correspond to pairs of (0,4,0,5) which yield the 
same resonance mass. Though the validity of the approach 
cannot be trusted beyond E ~ 2 TeV, we have displayed in 
the plot resonances found with masses up to 2.5 TeV. In or- 
der to show how dependent are the solutions from Eq. |7]i to 
the cut ( [T9] l on the imaginary part of the zeros, we have also 
drawn in Figure [4] (outer dashed line) the boundary of the re- 
gion yielding resonances when A = 1/2. The hatched region 
in the left and lower parts of the plot corresponds to values of 
04 and S5 forbidden by positivity conditions on the tttt scat- 
tering amplitudes. These bounds were obtained in Ref. lf51 . 
and slightly improved in Ref. [39]. Translated to 0,4 and 05 
they read: 



157 _ 27 

2 U4 > — — , 0,4 > 



(20) 



40 20 
Let us comment the most relevant features of the results of 
Figure |4j 

i/ No vector resonances are found for 0,4 < 8 and a 5 < 
25. This would exclude to a large extent Higgsless 
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a\{2 TeV) x 10 3 
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CI4 

FIG. 4. Resonance masses as a function of the low-energy couplings 0,4 and a 5 . The scales in terms of the renormalized couplings a$(/i) and 
05 (/i) at (i — 2 TeV are also drawn. The shaded areas show where resonances defined by the conditions {7]l and l |19| with A = 1/3 are found 
in the (0,4, as)-plane. The contour lines drawn correspond to pairs of (04, as) which yield the same resonance mass. The hatched region in the 
left and lower parts of the plot, given by Eq. l |20} , corresponds to values of 0,4 and 0,5 forbidden by positivity conditions on the tttv scattering 
amplitudes. The outermost dashed lines mark the boundary of the resonance region corresponding to A = 1 /2. 



models with vector resonances which saturate the low- 
energy couplings to the expected natural order of mag- 
nitude (04,5 ~ 1). 

ii/ Masses above 1.8 TeV are confined to a thin slice in 
the lower-left and upper-left parts of the shaded regions 
and are mostly excluded by the positivity constraints. 
Conversely, light resonances (< 0.8 TeV) require val- 
ues of either 0,4 or S5 larger than 20. The validity of the 
EChET Lagrangian for such large values of the LECs is 
nevertheless questionable and could indicate that addi- 
tional degrees of freedom linked to the Goldstone boson 
dynamics are missing in the effective description. 

hi/ The dependence on the A-cut is visible in the upper part 
(a 5 > 0) of the boundary of the allowed region for res- 
onances, where the A = 1/2 contour departs from the 
A = 1/3 one, which defines the shaded region. Mak- 
ing the cut smaller would further constrain the region 
where resonances are found. We nevertheless think that 
the value A = 1/3 is a realistic one, since it provides a 
reasonable suppression of S-waves and it is also found 
in the QCD case for the p(770) resonance. 

iv/ For resonance masses Mr < 0.8 TeV, where either 04 



or 05 are large, the formula: 



M R = v 



192 7T 2 



-11 + 10 a 4 + 2a E 



1/2 



(21) 



provides an approximation to the resonance masses in 
Figure |4| with an accuracy better than 10%. The for- 
mula pX\ corresponds to the zero contours obtained by 
setting the loop functions J(x) in A(t, s, u) to zero, and 
further neglecting the mass M. 

v/ A final consistency check for our method is provided 
by the Eq. ( 10 1 for the I — I P-wave phase-shift 5\. 



We evaluated the energy at which 8 \ = tt/2 for each 
value of the parameters 0,4, S5 in the shaded region of 
Figure [4] and we found that the result is basically the 
same we obtained from the condition in Eq. (j7]). Indeed, 
if we allow for at most a 10% deviation between both 
mass determinations, only the points in a tiny slice lying 
exactly on the boundary of the lower-half part of the big 
shaded region (in fact mostly excluded already by the 
positivity constraints) fail to pass the test. This result 
confirms that the S-wave background is indeed small, 
and therefore that the condition Re zq(M^) ~ is a 
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characteristic signature for vector resonances. As it was 
commented in relation with Figure [2] this result does 
not depend, essentially, on our knowledge of the Sq(s) 
phase shift. It is enough that this is small with respect 
to the d{(s) phase shift at E ~ Mr. 

The LHC sensitivity to explore the values of the coeffi- 
cients 04 and 0,5 has been investigated in Ref. l37ll . The re- 
ported limits imply that in the combined region 0,4 < 35 and 
—38 < S5 < 45 no deviation from the SM prediction could 
be observed at the LHC. The prospects of measuring these pa- 
rameters with improved accuracy in a high-luminosity e + e~ 
collider operating at 1 TeV are slightly better ll40l . On the 
other hand, the present bounds on new neutral vector reso- 
nances obtained recently [41 1 using ATLAS and CMS data, 
which exclude masses up to 1-2.3 TeV depending on their 
couplings and widths, could be used in combination with our 
results in Figure [4] to constrain the allowed regions of 0,4 and 
S5 which can accommodate a vector-saturated model. 

A systematic study of resonance masses in the parametric 
space spanned by a\{n) and <Zg(/z) using the Inverse Ampli- 
tude Method has also been performed l42ll43l . Their results, 
compared with our Figure [4] look rather different. From the 
pole of the Pade-improved P-wave they find for the vector res- 
onance masses the result: 



Mr = v 



144 7T 2 



3 04 — 3 05 + 1 



1/2 



(22) 



that can be compared with our Eq. (21 1, though the latter is 
only valid for large values of 04, 05, i.e. for Mr < 0.8 TeV. 
The slope of the lines of equal mass do not agree. Moreover, 
formula p2| ) forbids vector resonances in the region defined 
by 05 > 04 + 1/3, where their existence is consistent with our 
conditions. Also we note that the results of E2l 43 1 predict 
resonances in the region of 04 5 ~ 1, that contradict our find- 
ings. A detailed comparative analysis between both methods 
in order to trace the origin of the discrepancies shall be carried 
out elsewhere. 



V. CONCLUSION 

Under the assumption that no light SM Higgs will be found 
at the LHC, we have investigated a method to identify vector 
resonances originated from a strong electroweak symmetry- 
breaking sector in the 1 TeV energy region. These resonances 
have become a possible alternative to the SM Higgs in pre- 
venting the seeming loss of perturbative partial-wave unitar- 
ity in the elastic scattering of the longitudinal components of 
W and Z gauge bosons. More important is that those reso- 
nances would provide a clear signal that a strong interacting 
dynamics is responsible for the spontaneous breaking of the 
electroweak symmetry. 

We have focused, in particular, on the resonances that could 
contribute to the WlZl — > WlZl scattering. This channel 
has the appropriate characteristics to implement our approach, 
that searches for vector resonances dominating the amplitude. 
Assuming resonance saturation of the LECs of the effective 



chiral Lagrangian describing the interaction among Goldstone 
bosons, we could extract relevant information on the lightest 
vector resonances from the zeros of the elastic scattering am- 
plitude. We first applied our method to the well known case 
of the p(770) resonance and the 0(p i ) chiral 7r~7r° — > 7r~7r° 
amplitude and considered the impact of introducing the next 
order in the chiral expansion. 

Turning to the electroweak case we exploited the fact that, 
at leading order in the expansion provided by the equivalence 
theorem, the dynamics of the longitudinally polarized gauge 
boson scattering is described by the electroweak chiral La- 
grangian ( [T2"} , which is identical to the one that generates the 
p(770) in elastic tttt scattering upon the obvious change of 
scale — > v. Within this approach we have explored the 
parameter space of the two low-energy couplings 04 and 0,5 
needed to describe the WlZl — > WlZl scattering ampli- 
tude, in order to identify the region where a vector resonance 
can dominate the amplitude, and provide an estimate of its 
mass. The outcome has been shown in Figure [4] as a con- 
tour plot in the (a4,as)-plane. Our main conclusion is that 
no vector resonances are found for 0,4 < 8 and 05 < 25, in- 
dicating that Higgsless models with vector resonances which 
saturate the low-energy couplings to the expected natural or- 
der of magnitude (04 5 ~ 1) would be excluded to a large 
extent. If we consider the neighborhood outside that natural 
order of magnitude, we see that the first resonances, appear- 
ing for 0,4 > 8, have masses above ITeV. Lighter vector 
resonance masses appear for rather unnatural values of the pa- 
rameters. 

The improvement of our method by the inclusion of the 
0(p 6 ) contributions will entail a few technical difficulties, 
since it carries many new couplings (as it was seen in the QCD 
case in Section|II]) that make an analogous treatment to the one 
proposed here rather cumbersome. Nevertheless, if LHC con- 
firms that there is no light Higgs, the study of the zeros of the 
gauge boson scattering amplitudes with the use of effective 
field theories driven by the spontaneous symmetry breaking 
pattern could provide a model-independent tool to explore the 
role of the resonances emerging from the new strong dynam- 
ics and shall therefore be pursued, for instance, through the 
search for higher spin states. 
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Appendix A: Convergence of the partial-wave expansion in 
elastic tvtt scattering 

The partial-wave expansion of the elastic ttit scattering am- 
plitude for a fixed s is defined in the real interval z = [—1, 1], 
but it can be analytically continued to a larger region in 
the complex z-plane, according to a well-known theorem by 
K. Neumann (see e.g. Ref. Il44l0 . The theorem states that the 
expansion of a function f(z) in a series of Legendre poly- 
nomials is absolutely convergent in the interior of the largest 
ellipse with foci at z — ±1 in which f(z) is analytic, and di- 
vergent in the exterior of the ellipse. In our case f(z) is the 
0(p 4 ) chiral amplitude A(t(s, z), s,u(s, z)), Eq. (18) , which 
for a fixed s has branch discontinuities at the i-channel and 



M-channel thresholds, i.e. at t = 4M 2 and u = 4M 2 . In the 
complex z -plane this translates to branch cuts extending from 
z + = 1 + 8M 2 /(s - AM 2 ) to +oo and from (-z + ) to -oo. 
The region of convergence of the partial-wave expansion for 
A(t(s, z), s,u(s, z)) is thus an ellipse with foci at z = ±1 
and semi-major axis z + . The semi -minor axis of the ellipse of 
convergence is equal to 

and limits the size of the imaginary part of z for which the 
partial-wave series converges. Incidentally, for M = the 
ellipses contracts to the interval z = [—1, 1] and, hence, the 
partial-wave expansion is not convergent for Imz ^ 0. 
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